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nfection with the Gram-negative bacterium Helicobacter pylori is widespread throughout the world and is associated with development of gastric and duodenal ulcer disease as well as gastric adenocarcinoma and mucosa-associated lymphoid tissue lymphoma (1) (2) (3) . The infection generally leads to a large infiltration of immune cells, such as neutrophils, macrophages, and T and B lymphocytes, into the gastric mucosa (4, 5) . Lymphocytes are found scattered in the lamina propria, but they also form organized lymphoid follicles, which are not present in the uninfected gastric mucosa (6, 7) . Even though the H. pylori infection induces an inflammatory response and induction of specific B and T cell immunity, the immune response fails to eradicate the bacteria and the infection becomes chronic. T lymphocytes in particular play an essential role in the pathogenesis of H. pylori-induced gastritis, and prominent induction of both Th1 and Th17 responses has been demonstrated (8) (9) (10) (11) . One important aspect of T cell immunity in H. pylori infection is the substantial immune suppression exerted by H. pylori-specific regulatory T cells (Tregs) present in both the circulation and gastric mucosa of H. pylori-infected individuals (12) (13) (14) . However, the inductive sites for the adaptive immune response to H. pylori, as well as the mechanisms for Treg priming, have not yet been clearly identified.
Dendritic cells (DCs) are professional antigen-presenting cells that can activate naive T cells, and they drive the host immune reaction by modulating the functions or interactions of effector T and B cells. In addition, DCs are well suited to recognize pathogens and to facilitate their uptake. The migration of DCs from the site of antigen capture to the draining lymph nodes and their simultaneous maturation are crucial for both the initiation and amplification of primary immune responses (15) (16) (17) . During maturation, DCs upregulate membrane expression of molecules involved in migration to lymph nodes, especially CCR7. In addition, molecules important for activation and costimulation of T cells, such as major histocompatibility complex (MHC) classes I and II, CD80, CD83, and CD86, are induced. The interaction of DCs with H. pylori in vitro induces maturation of the DCs and secretion of proinflammatory cytokines, such as inteleukin-6 (IL-6), IL-8, IL-12, and IL-23 (18) (19) (20) (21) (22) (23) (24) (25) , and recent studies demonstrated that RIG-1-and MyD88-dependent Toll-like receptor signaling is crucial for the DC maturation induced by H. pylori (26, 27) . However, H. pylori phase variation in lipopolysaccharide glycosylation influences DC production of stimulating and immunomodulating cytokines, thereby contributing to shaping the resulting T cell response (28, 29) . Furthermore, a mature DC phenotype does not necessarily correlate with a functional immunogenic stage of the DCs but can in fact be related to DCs that induce tolerance (30) . Along these lines, DCs generated in vitro in the continued presence of H. pylori have an exhausted phenotype, which in turn may lead to defective antigen presentation and Th1 responses (31) .
Our recent studies have shown substantial accumulation of dendritic cell lysosome-associated membrane glycoprotein-positive (DC-SIGN ϩ ) DCs in the gastric mucosa of H. pylori-infected individuals but also that these gastric DCs have a semimature phenotype with high levels of expression of MHC class II antigens but low levels of or absent expression of CD80, CD83, and CD86 (32) . Gastric macrophages and DCs in H. pylori-infected mice also fail to upregulate costimulatory molecules, even after 6 months of infection (33) . Indeed, several recent studies have demonstrated that murine DCs exposed to H. pylori in vivo or in vitro adopt a tolerogenic state and drive induction of Tregs (32, 34, 35) and that gastric tissue factors may act in synergy to keep gastric DCs in a tolerogenic state (36) . The induction of regulatory mechanisms by H. pylori infection may even reduce disease symptoms in experimental colitis and inhibit allergic reactions in the airways (32, (37) (38) (39) . These findings, combined with the observation that mature DCs are present in the gastric mucosa in humans and mice with autoimmune gastritis (40) , suggest that the gastric mucosa may have potential for antigen presentation by mature DCs and prompted us to investigate if mature DCs may be retained in the H. pylori-infected gastric mucosa. We used the maturation marker DC-LAMP (CD208) to define mature DCs, as it is expressed on all mature DC subtypes but not on immature DCs or other immune cells (41, 42) . Using tissue material from patients with H. pyloriassociated gastritis and from healthy volunteers, we showed that there is an accumulation of DCs expressing DC-LAMP close to and in lymphoid follicles in the infected gastric mucosa. The DC-LAMP ϩ DCs expressed high levels of MHC class II molecules but little CD80, CD83, and CD86 and were in the same location as FoxP3-positive (FoxP3 ϩ ) T cells in the follicles.
MATERIALS AND METHODS
Volunteers, patients, and collection of specimens. This study was approved by the Regional Research Ethics Committee of West Sweden, and informed consent was obtained from all participants. Participating donors were recruited from among blood donors at Sahlgrenska University Hospital after serologic analysis, and H. pylori infection was subsequently confirmed or excluded by culture on Scirrow plates (43) . A subject was considered to be H. pylori infected if he or she was positive by both serology and culture and uninfected if negative by both tests. One biopsy specimen from each volunteer was fixed in formalin, paraffin embedded, and examined by an experienced histopathologist for the grade of gastritis and the presence of Helicobacter-like organisms (HLOs) using the updated Sydney system (44) . Chronic and acute gastritis, as well as HLOs, were scored independently by an experienced pathologist on a scale ranging from 0 to 3 (0 ϭ none, 1 ϭ mild, 2 ϭ moderate, and 3 ϭ severe). Gastric antrum biopsy specimens were collected from 18 H. pyloriinfected (12 males and 6 females; age range, 25 to 67 years) and 20 uninfected volunteers (9 males and 11 females; age range, 23 to 63 years) by endoscopy and used for immunohistochemical staining, RNA preparation, and protein extraction. In order to obtain sufficiently large tissue samples from the antrum for flow cytometric analysis of DCs, biopsy specimens from four H. pylori-infected patients (2 males and 2 females; age range, 64 to 81 years) and three uninfected patients (3 females; age range, 68 to 75 years) undergoing surgery for gastric adenocarcinoma (n ϭ 2), pancreatic cancer (n ϭ 4), or chronic pancreatitis (n ϭ 1) at the Sahlgrenska University Hospital were also included in the study. Tissue was collected from the antrum, and in the gastric cancer patients, tissue was removed at least 5 cm distant from the tumor. None of the patients had undergone radiotherapy or chemotherapy prior to surgery. H. pylori infection was determined on the basis of serology, culture, and pathology reports.
Immunohistochemical staining. The slides were fixed in paraformaldehyde and blocked with 1% goat and donkey serum, glucose-oxidase, and an avidin-biotin blocking kit (Vector Laboratories, Peterborough, United Kingdom) before staining with mouse anti-human FoxP3 (clone 236A/E7; eBioscience, Hatfield, United Kingdom), followed by biotinylated goat antimouse antibodies (Caltag, Burlingame, CA) in PBS containing 0.1% of saponin. The signal was amplified by a TSA kit with Alexa Fluor 488-conjugated tyramide (Invitrogen, Stockholm, Sweden). Thereafter, remaining antimouse binding sites were blocked with Fab fragments of goat antimouse IgG antibodies (Jackson ImmunoResearch, West Grove, PA), and the slides were stained with anti-DC-LAMP and Alexa Fluor 594-conjugated donkey antibody to mouse immunoglobulins (Invitrogen). Finally, slides were mounted using a DAPI (4=,6-diamidino-2-phenylindole)-containing mounting medium.
To detect potential expression of DC-LAMP and CD68 on the same cells, antibodies to CD68 (clone EBM11; Dako Cytomation) were first preincubated with the secondary antibody, goat anti-mouse IgG conjugated to Alexa Fluor 488. Thereafter, the remaining binding sites were blocked by adding 5% mouse serum. The sections were blocked with 5% human serum and stained with DC-LAMP, as described above, followed by the preincubated CD68 antibody for 1 h. Isotype control antibodies were always run in parallel.
Isolation of gastric lamina propria leukocytes. Unaffected antral tissue from gastrectomy patients was stripped of muscle and fat layers and cut into 5-mm pieces. Epithelial cells were removed by incubating the tissue for 15 min at 37°C with 2 mM EDTA and 1 mM dithiothreitol in Hanks' balanced salt solution (HBSS) supplemented with 2% fetal calf serum a total of three times. Lamina propria leukocytes were then released by incubating the remaining tissue for 1 h at 37°C with 100 U/ml collagenase type VIII (Sigma-Aldrich) and 0.1 mg/ml DNase (Sigma-Aldrich) in RPMI 1640 containing 10% fetal calf serum.
Flow cytometry analyses. Lamina propria leukocytes (2 ϫ 10 6 /sample) were stained with the following antibodies: anti-CD80 (clone L307.4), CD86 (2331), CD83 (HB15e), CD11c (S-HCL-3), CCR7 (3D12), DC-LAMP (I10-1112), and HLA-DR (L243) (all from BD Biosciences) and CD14 (M5E2; Biolegend, San Diego, CA). Appropriate isotype controls were used. 7-Aminoactinomycin D (7AAD; Sigma-Aldrich) was used to exclude dead cells. To detect DC-LAMP, cells were fixed in BD Cell Fix (BD Biosciences) and permeabilized with 0.5% saponin (SigmaAldrich) in HBSS. Samples were acquired on an LSR-II flow cytometer (BD Biosciences) and analyzed using FlowJo software (Tree Star Inc., Ashland, OR).
Real-time PCR analyses. Total RNA from antral biopsy specimens collected by endoscopy was purified by use of an RNeasy minikit (Qiagen, Hilden, Germany). cDNA was synthesized from 500 ng total RNA and oligo(dT) primers using an Omniscript reverse transcription-PCR kit (Qiagen). Real-time PCR was performed with CCL19, CCL21, and hypoxanthine phosphoribosyltransferase (HPRT) primers using standard pro-cedures for 40 cycles (Applied Biosystems, Foster City, CA). The relative levels of CCL19 and CCL21 mRNA were calculated using the ⌬⌬C T method, with HPRT used as an internal standard and a sample from a noninfected volunteer with a low and stable threshold cycle (C T ) value used as a calibrator.
ELISA analyses. Proteins were extracted from gastric tissue using saponin, as previously described (45) . Briefly, frozen tissue was thawed in a solution containing 2% saponin, 0.1% bovine serum albumin, and protease inhibitors at 4°C overnight. The samples were then centrifuged and the supernatants were used for detection of CCL19 by enzyme-linked immunosorbent assay (ELISA; Duoset; R&D Systems, Abingdon, United Kingdom). Chemokine concentrations were related to the total protein concentration in the respective samples, which was determined by a protein assay kit (Pierce, Rockford, IL). Before protein analysis, the samples were passed through desalting columns (Pierce) to remove detergents remaining from the extraction procedure. Statistical analyses. Differences between H. pylori-infected and uninfected individuals were evaluated using the nonparametric two-sided Mann-Whitney test, and P values of less than 0.05 were considered significant.
RESULTS
Inflammation and bacterial load. To investigate DC subpopulations in gastric tissues, antral biopsy samples were collected from both H. pylori-infected and uninfected individuals. Tissues from 16 uninfected subjects were histologically normal without inflammation or HLOs, while biopsy specimens from 4 uninfected subjects had mild chronic gastritis but no HLOs. In contrast, active chronic inflammation and HLOs were observed in biopsy samples from the antrum of all 18 H. pylori-infected subjects, except for 1 individual, who had a negative score for HLOs but was serology and culture positive. The H. pylori-infected individuals had a chronic inflammation score of 2.08 Ϯ 0.55 (mean Ϯ standard deviation); the active inflammation score was 1.42 Ϯ 0.73, and the HLO score was 1.83 Ϯ 0.92. Atrophy and metaplasia were seen in two of the H. pylori-infected subjects, and metaplasia alone was seen in one of the H. pylori-infected subjects.
DC-LAMP ؉ DCs are located in close association with lymphoid follicles in H. pylori-infected gastric mucosa. DC-LAMP is a type I transmembrane glycoprotein that is absent on immature DCs but is rapidly upregulated upon DC maturation (41, 42) . It is expressed in the endosomal/lysosomal compartment and may be involved in MHC class II processing. We used immunohistochemistry to detect DC-LAMP ϩ DCs in biopsy specimens from human antrum and could show that the frequencies of DC-LAMP ϩ DCs were significantly higher (P Ͻ 0.01) in H. pylori-infected patients than uninfected volunteers (Fig. 1A) . The increased numbers of DC-LAMP ϩ DCs in patients with H. pylori-associated gastritis were also confirmed by flow cytometry analyses, showing severalfold higher frequencies of DC-LAMP ϩ cells in H. pylori-infected than uninfected individuals ( Fig. 2A and C) . In immunohistochemistry, DC-LAMP ϩ cells were sometimes seen scattered in the lamina propria but were mainly associated with lymphoid follicles.
Lymphoid follicles were not found in any of the uninfected volunteers but were present in the sections from six out of the eight H. pylori-infected individuals analyzed. In five of these individuals, DC-LAMP ϩ DCs were found to accumulate close to or inside the follicles, and only a few were seen in other parts of the lamina propria (Fig. 1C to E) . Since the DC-LAMP ϩ DCs were T cells, suggesting that these DCs may be able to interact directly with Tregs (Fig. 3A) . Unfortunately, we did not perform quantitative H. pylori cultures to correlate bacterial counts with DC-LAMP ϩ DC frequencies. However, there was no correlation between HLO scores and the densities of DC-LAMP ϩ cells. pDCs in H. pylori-infected gastric mucosa. pDCs are a subtype of dendritic cells, found in blood and lymphoid organs, with the capacity to mount both protective and tolerogenic immune responses (48) . Previously, subsets of pDCs were also shown to induce Treg differentiation (49) . Here, pDCs were assessed by expression of CD303 (BDCA-2) (50), and immunohistochemical staining for CD303 showed that gastric pDCs are present in very low numbers in both uninfected and infected individuals. The proportion of the tissue area stained ranged from 0 to 0.0097% (median, 0.0020%) in uninfected volunteers and from 0 and 0.014% (median, 0.0040%) in H. pylori-infected individuals, and there was no significant difference between the groups with regard to CD303 expression.
Phenotypic characterization of gastric DCs.
To exclude the possibility that DC-LAMP was expressed by mucosal macrophages, double staining with antibodies to DC-LAMP and CD68, a surface molecule preferentially expressed on monocytes and macrophages, was performed. However, DC-LAMP and CD68 were not coexpressed; in fact, the markers were expressed by cells in different areas of the lamina propria (Fig. 3B) .
To further characterize the DC-LAMP ϩ DCs in the gastric mucosa, flow cytometry of cells isolated from patients undergoing gastric resection was used to analyze the expression of selected surface markers on DC-LAMP ϩ DCs. These DCs were identified among live cells (7AAD negative [7AAD Ϫ ]) expressing high levels of HLA-DR together with DC-LAMP ( Fig. 2A) . Most DC-LAMP ϩ DCs coexpressed the DC marker CD11c (Fig. 2B ) but lacked expression of the pattern recognition receptor CD14 (data not shown). HLA-DR high CD11c high cells typically make up 0.5 to 2.5% of all cells isolated from H. pylori-infected human lamina propria, and among these, 0.1 to 10% were DC-LAMP ϩ . We could also conclude that the DC-LAMP ϩ DCs represent a DC subset other than the DC-SIGN ϩ cells that we have recently reported in increased numbers during H. pylori infection (32) , as the two populations are located in distinct tissue compartments and since the DC-SIGN ϩ DCs coexpress CD14, which the DC-LAMP ϩ DCs lack. To determine their capacity to present antigens to T cells, we also analyzed the expression of costimulatory molecules by the DC-LAMP ϩ DCs. Surprisingly, since DC-LAMP is generally considered a maturation marker, the DC-LAMP ϩ DCs had low to negligible expression of CD86 and lacked expression of CD80 and CD83 (Fig. 2D) . When analyzing the few DC-LAMP ϩ DCs in the uninfected mucosa, we found no obvious differences in the phenotype of DC-LAMP ϩ DCs in H. pylori-infected and uninfected patients (data not shown).
CCL19 but not CCL21 levels are increased in H. pylori-infected gastric mucosa. DC maturation results in upregulation of the chemokine receptor CCR7 and subsequent migration to draining lymph nodes. To evaluate possible mechanisms for the accumulation of DC-LAMP ϩ DCs in the H. pylori-infected gastric mucosa, we investigated the expression of the CCR7 ligands CCL19 and CCL21. Real-time PCR analyses showed that the relative expression of CCL19 mRNA, but not CCL21 mRNA, was significantly higher (P Ͻ 0.001) in H. pylori-infected individuals than in uninfected volunteers (Fig. 4A and B) . Furthermore, there were significantly higher (P Ͻ 0.01) concentrations of CCL19 protein in biopsy specimens from H. pylori-infected individuals than in those from uninfected individuals (Fig. 4C) . These results suggested that increased levels of CCL19 in the gastric mucosa may result in retention of maturing DCs in the gastric mucosa. However, we could not detect expression of CCR7 on DC-LAMP ϩ DCs isolated either from H. pylori-infected gastric mucosa (Fig. 2D) or from uninfected tissues (data not shown), suggesting that CCL19-mediated signals may not be the primary cause of DC recruitment to the lymphoid follicles.
DISCUSSION
Infection with H. pylori gives rise to a chronic inflammation in the gastric mucosa, which is characterized by infiltration of neutrophils, macrophages, and lymphocytes. In this study, we show that the frequencies of DC-LAMP ϩ putative mature DCs are also increased in human H. pylori-associated gastritis and that the DC-LAMP ϩ DCs are localized in close association with lymphoid follicles in the mucosa of H. pylori-infected stomach tissue. H. pylori is generally held to be noninvasive and to rarely invade beyond the gastric epithelium. However, recent reports have suggested that mucosal DCs may sample antigen in the lumen by opening tight junctions between epithelial cells, a feature also recently described for gastric DCs, which may thus get in contact with live H. pylori bacteria (35, 51, 52) .
In animal models, infection with H. pylori results in recruitment of DCs to the gastric mucosa (53, 54) , and a recent study in humans also showed increased frequencies of HLA-DR-positive (HLA-DR ϩ ) putative DCs in H. pylori-infected individuals (25) . In addition, we have recently shown that semimature (i.e., HLA-DR high but CD80 Ϫ and CD86 Ϫ ) DC-SIGN ϩ DCs accumulate in the gastric mucosa of H. pylori-infected individuals (32). Bimczok et al. also showed that a majority of gastric HLA-DR ϩ cells do not express CD80 or CD86 (25, 36) . In this study, we used DC-LAMP to identify and investigate mature DCs, to focus on DCs with a potential ability to present antigens to local T cells (41, 42) . Our study shows that DC-LAMP is expressed on a small population of CD11c high gastric cells devoid of the macrophage marker CD68 and of CD14 in H. pylori-infected individuals, while it is more or less absent in the tissue from healthy subjects. Furthermore, the DC-LAMP ϩ DCs have a high level of expression of MHC class II molecules but express only low levels of the costimulatory molecule CD86 and no CD80 and CD83 at all. Thus, our findings extend previous studies of human gastric DCs by providing details on a carefully identified subpopulation of mature DCs. The DC-LAMP ϩ DCs are a small population compared to all putative antigen-presenting cells present in the gastric lamina propria, but their distinct localization in and around lymphoid follicles indicates that they may have important functions in relation to T cell priming and illustrates the importance of examining local immune responses in order not to miss small but significant cell populations that are not present in blood or other easily accessible tissues. Our findings also indicate that the lymphoid follicles forming in the setting of chronic H. pylori infection have a specialized function and may be involved in shaping the local T cell response. Unfortunately, the low frequencies of DC-LAMP ϩ DCs make it impossible to isolate enough cells to perform functional studies, such as studies to determine the production of tolerancepromoting cytokines and enzymes or their effect on T cell priming. It is interesting to note that DC-LAMP ϩ DCs were localized to the same tissue area as FoxP3 ϩ putative Tregs, which were recently demonstrated to be enriched in the T cell zone of lymphoid follicles in H. pylori-induced gastritis (46, 47) . Taken together, our observations suggest that a subpopulation of gastric DCs is able to present antigen to T cells locally in the gastric lamina propria, but the relative lack of costimulatory molecules would suggest that these DC-LAMP ϩ DCs may, rather, be involved in inducing tolerance to local antigens. Interactions between DC-LAMP ϩ DCs and Tregs in the lymphoid follicles may have rendered the DCs tolerogenic through Treg-derived signals (55) . Treg-mediated suppression of conventional T cells leads to increased bacterial numbers, at least in murine Helicobacter infection (56, 57) , but may still be beneficial to the host, as it reduces the inflammation that would otherwise be more harmful and cause ulcers or premalignant epithelial lesions in some individuals. In animal experiments, Treg induction by H. pylori infection, presumably by interactions with tolerogenic DCs, may even reduce experimental colitis and allergy, demonstrating the anti-inflammatory potential of such H. pylori-induced Tregs (32, (37) (38) (39) . It is essential to understand the potential tolerization mechanisms induced by H. pylori infection also in humans, as they appear to protect against exaggerated inflammatory responses. A better insight into these mechanisms may provide therapeutic options to treat inflammatory conditions, such as childhood asthma and inflammatory bowel disease (58, 59) .
In intestinal tissues, a specialized population of CD103 ϩ DCs with migrating potential has been shown to migrate to the draining lymph nodes and promote differentiation of the subsequently activated T cells to Tregs, which in turn home back to the intestinal mucosa (60) . As very few of the CD11c high putative DCs in the gastric mucosa express CD103 (data not shown), the many Tregs present in gastric mucosa (13, 46, 47) may have been induced somewhere other than the draining lymph nodes, maybe the Peyer's patches, and may then have migrated to the gastric mucosa, as previously demonstrated for IgA-secreting cells induced by intestinal antigen delivery (61) .
Having established the presence of DC-LAMP ϩ DCs with a low costimulatory ability in human H. pylori-associated gastritis, we sought to determine the mechanisms of their retention. As we *** ** have previously shown that DCs stimulated with live H. pylori cells increase their expression of CCR7 and migrate in response to CCL19 (21), we determined the presence of the CCR7 ligands CCL19 and CCL21 in the gastric mucosa. We could demonstrate substantially increased CCL19 mRNA and protein levels in the H. pylori-infected gastric mucosa, whereas CCL21 levels were similar in H. pylori-infected and uninfected tissues. Lymphoid follicles that form in tissues during autoimmune or infectious disease have been shown to express CL19 and CCL21 (62) . However, the expression of CCL19 and CCL21 in gastric lymphoid follicles has not been evaluated, and to our knowledge, this is the first study to demonstrate increased levels of CCL19 in the H. pylori-infected gastric mucosa. Thus, there would be a possibility that mature DCs expressing CCR7 are retained in the gastric mucosa due to local production of CCL19. However, flow cytometry showed that DC-LAMP ϩ DCs in the gastric mucosa lacked expression of CCR7. Similarly, the majority of DC-LAMP ϩ DCs in inflamed skin and lymph nodes do not express CCR7 (63) . The lack of surface CCR7 could be due to receptor internalization upon chemokine binding, a phenomenon observed in vitro in response to CCL19 (64) (65) (66) . However, as CCR7 recirculates to the cell surface, at least in vitro, and since DCs migrating to lymph nodes in response to CCL19 retain their CCR7 expression (67) , the lack of CCR7 on DC-LAMP ϩ DCs may reflect a more immature phenotype of the DCs. On the basis of our results, it is reasonable to propose that a subpopulation of maturing DCs remains in the gastric mucosa and localizes to lymphoid follicles, instead of migrating to draining gastric lymph nodes, but at this stage, the process appears to be independent of CCL19-CCR7 interactions.
In conclusion, we have demonstrated that DC-LAMP ϩ DCs expressing high levels of MHC class II molecules but little CD80, CD83, and CD86 accumulate in the lymphoid follicles in H. pyloriinfected human gastric mucosa and that these DCs are located close to follicular FoxP3 ϩ T cells. Furthermore, the level of the chemokine CCL19 was significantly increased in the gastric tissue of H. pylori-infected individuals. Based on these observations, we propose that a subset of maturing DCs does not migrate to the draining lymph nodes in human H. pylori-induced gastritis but is instead recruited to gastric lymphoid follicles, where they may interact with Tregs and then contribute to T cell tolerization by antigen presentation in the context of suboptimal costimulation.
